ABSTRACT: Diatom identification is based on classical morphological methods focused on frustule shape and ornamentation analysis and possible chain formation. Because many morphological aspects are common to several species, diatom identification and characterisation are timeconsuming and demand significant expertise. Furthermore, the use of advanced microscopy, such as transmission electron microscopy or scanning electron microscopy, is frequently necessary to differentiate these organisms. Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS) was used to differentiate diatom taxa, and this report presents a preliminary study of the possibility of using this technique to obtain reliable fingerprinting of diatoms in the range of 2 to 20 kDa. Seminavis robusta, Coscinodiscus sp., Thalassiosira sp. and Cyclotella meneghiniana were used. The influence of culture age on reproducibility was studied. MALDI-TOF MS spectra were shown to vary with culturing time, and the need to consider this when setting up experimental standard conditions in the identification of diatoms was clearly established. One of the most important observations was that each diatom strain presented a specific age when the mass spectrum became reproducible. For all S. robusta strains and for C. meneghiniana, this age was 9 d, and for Thalassiosira sp. and Coscinodiscus sp., this age was 13 d. Even with the limitations of culture aging versus spectra reproducibility, MALDI-TOF MS proved to be a useful complementary tool to identify and characterise diatoms at the genus level. However, it was not possible to distinguish different mating types within the same species, as evidenced by the results obtained with S. robusta isolates.
INTRODUCTION
Diatoms (class Bacillariophyceae) are microscopic photosynthetic organisms (Scala & Bowler 2001 , Gordon et al. 2009 ) that live in aquatic ecosystems, both marine and freshwater (Gröger et al. 2008 , Trainer et al. 2008 . They are the most diverse group of algae, totalling about 200 000 species (Holtermann et al. 2010) . They are structurally appealing because their cell walls, the frustules, are composed of amorphous silica. The morphology of the frustules (symmetry, shape, length and valve ornamentation) is used to support taxonomic classification and species identification (Scala & Bowler 2001 , Chepurnov et al. 2008 . The frustules are observed by light microscopy (Chepurnov et al. 2008) . In cases of ambivalence, scanning electron microscopy (SEM) can be used to further fine-tune diatom classification and/or identification. Furthermore, cytological and reproductive characteristics can be used to corroborate the identification based on cell wall morphology. Identification of diatoms targets important objectives besides contributing to the construction of scientific knowledge. Misleading identification and delays in correct diatom identification are critical when food safety (e.g. the presence of Pseudo-nitzschia spp., Bates et al. 1989) or biotechnological and nanotechnological applications (e.g. selection of diatoms for aquaculture purposes) are concerned.
Novel microbial identification methods need to be fast, less expensive and reliable (Santos et al. 2010) . Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS) is a powerful technique fulfilling all of the aforementioned requisites. This technique has been proposed as an identification method for bacteria (Shah & Gharbia 2010) , filamentous fungi (Santos et al. 2010) , yeasts (Santos et al. 2011 ) and viruses (Franco et al. 2010 , McAlpin et al. 2010 . The MALDI-TOF MS technique has been used previously for diatom characterisation through the analysis of lipids (Vieler et al. 2007) , chlorophylls (Suzuki et al. 2009 ), silaffins (Sumper et al. 2007 ) and polyamines associated with silica (Sumper & Lehmann 2006) but not with the aim of establishing molecular mass fingerprinting profiles.
For microbial identification by the MALDI-TOF MS technique, the sample is normally covered with a UV-absorbing organic compound, called the matrix, leading to a crystallised mixture. Then, the crystallised sample is placed in a vacuum system that is targeted and irradiated with pulsed light from a laser (e.g. N 2 , Nd:YAG or other). The charged matrix molecules and/or clusters transfer protons onto the sample molecules (e.g. peptide or proteins) in the expanding plume. The generated ions are accelerated into the TOF analyser, where ions are separated according to their 'time of flight', which is a function of the ratio of molecular mass to charge (m/z). The m/z ratio is determined by measuring velocities from accelerating ions to defined kinetic energies after calibration of the instrument with molecules of known molecular mass (Fig. 1 , Passarini et al. 2013) . The set of the m/z ratio is displayed as a set of peaks, called the microorganism fingerprint. In MALDI-TOF MS, the linear mode set covers a huge mass range capable of providing the appropriate fingerprint for each kind of microorganism (Santos et al. 2010) .
The aim of the present study was to develop a technique using MALDI-TOF MS as a high-throughput system for the rapid screening and characterisation of diatoms by investigating the influence of culture age in reproducibility of the resulting data.
MATERIALS AND METHODS
The diatoms used in this study included strains of Se minavis robusta, Coscinodiscus sp., Thalassiosira sp. and Cyclotella meneghiniana. For S. robusta, different strains and, within the same strain, different mating types were used (84A, 85A, 85As and 85Bs). Diatoms routinely grow through binary division, but a smaller half-frustule has to be built in each division, leading to a gradual size reduction, which ultimately would lead to programmed cell death. The recovery of cell size is made through sexual reproduction. S. robusta is one of the few diatoms with a heterothallic (dioecy) mating system, where two mating types exist (Chepurnov et al. 2002) .
All of the diatoms were obtained from the Laboratory of Protistology and Aquatic Ecology culture collection (www.pae.ugent.be/collection.htm), University of Ghent, Belgium. Cyclotella meneghiniana was routinely maintained in Woods Hole modified Chu-10 medium (Guillard & Lorenzen 1972) , and the other strains were routinely maintained in f/2 medium (Guillard 1975) . All cultures were synchronised and grown at room temperature, with a 12:12 h light:dark cycle at a photon flux density of 50 µmol photons m . Possible contaminations and the health state of each culture were checked by directly observing the diatom cultures in the culturing flasks using an inverted optical microscope (Nikon Diaphot).
The experiments were designed to investigate reproducibility and hypothetical variation along culturing age. To establish a standardised protocol for the MALDI-TOF MS analysis for all diatom isolates, a first set of preliminary experiments was carried out only for the isolates Seminavis robusta 84A and Cyclotella meneghiniana. In this first set of preliminary assays, S. robusta 84A and C. meneghiniana were grown for 40 d in 6 independent culturing flasks, and then each of these isolates was individually analysed by MALDI-TOF MS. (Santos et al. 2010) Following the aforementioned experiments, a second set of 2 independent assays was conducted with Coscinodiscus sp., Thalassiosira sp., Seminavis robusta 84A and Cyclotella meneghiniana. For each diatom isolate, at least 2 individual samples were taken for the MALDI-TOF MS analysis.
For the MALDI-TOF MS analysis, a general protocol was established for all diatom isolates evaluated in the present study. The number of diatom cells varied according to the strain under study. Each diatom suspension in the liquid culture medium was centrifuged at 2000 × g for 10 min to generate pellets containing ca. 200 000 cells for Seminavis and Cyclo tella isolates, ca. 40 000 cells for Coscinodiscus isolates and ca. 4000 cells for Thalassiosira isolates.
The diatom pellets were then transferred into an aliquot containing 30 µl of an acetonitrile aqueous solution, resulting in a green suspension, and 0.5 µl was placed on the MALDI sample plate. When the liquid phase was almost evaporated, 0.5 µl of 2.5-dihydroxybenzoic acid (DHB) matrix solution (75 mg ml −1 DHB in ethanol/water/acetonitrile [1:1:1; v/v/v] with 0.03% trifluoroacetic acid) was added and mixed gently. Finally, all samples were air-dried at room temperature and analysed in quadruplicate. Only spectra with at least 60 peaks were selected for further analysis to ensure that a correct ionisation of the sample took place. To ensure that no peaks were obtained from the culture medium ingredients, control experiments with cell-free culture medium were carried out.
The MALDI-TOF MS analysis was performed with a MALDI-TOF AXIMA-LNR system (Kratos Analytical). The instrument was equipped with a nitrogen laser (337 nm), where laser intensity was set above the threshold for ion production. The mass, ranging from 2 to 20 kDa, was recorded using the linear mode, with a delay of 104 ns and an acceleration voltage of + 20 kV. Final spectra were generated by summing 20 laser shots accumulated per profile and 50 profiles produced per sample, leading to 1000 laser shots per summed spectrum. The resulting peak lists were exported to the Spectral Archiving and Microbial Identification System (SARAMIS™) software package (AnagnosTec, www.anagnostec.eu), with which the final identification was obtained. The similarity between individual spectra is expressed as the relative or absolute number of matching mass signals after subjecting the data to a single-link agglomerative clustering algorithm. Detailed information about spectral clustering in SARAMIS™ can be found in Pereira et al. (2014) .
RESULTS AND DISCUSSION
As mentioned above, different authors have used MALDI-TOF MS as a tool to identify diatoms through the analysis of their lipids (Vieler et al. 2007 ), chlorophylls (Suzuki et al. 2009 ), silaffins (Sumper et al. 2007) or polyamines associated with silica (Sumper & Lehmann 2006) . These works were based on the analysis of these specific classes of compounds, with a mass range between 100 and 3000 Da, which is in accordance with the molecular weight of these molecular species extracted from diatoms cells. However, the genetic and, mainly, the proteomic information are not available in the literature for the diatoms species studied in this work. For this, a mass range from 2 to 20 KDa was chosen, taking into consideration the proteomic information available for bacteria (Shah & Gharbia 2010), filamentous fungi (Santos et al. 2010 ) and yeasts (Santos et al. 2011) . For this kind of microbial cell, the molecular mass range between 2 and 20 kDa corresponds to reproducible, highly abundant and constantly expressed biomarkers, such as ribosomal proteins (Santos et al. 2010 , 2011 , Shah & Gharbia 2010 .
Disruption of the cells was checked microscopically, so it is expected that intracellular molecules were analyzed by the present technique.
By conducting MALDI-TOF analyses between 5 and 40 d, we could observe that each evaluated diatom species presented a specific age when the mass spectrum became reproducible. Below that limit, significant differences exist in the spectra obtained from different cultures, even at the same age and growth conditions. For all Seminavis robusta and Cyclotella meneghiniana isolates, the spectra were reproducible from the ninth day of culture (Fig. 2a) , whereas for all Thalassiosira sp. and Coscinodiscus sp. isolates, the spectra were reproducible from the thirteenth day of culture (Fig. 2b) .
The biological material was tested over a period of 18 d from the established minimum age limit, and the spectra were compared over time. Fig. 2c shows the MALDI-TOF spectra of Coscinodiscus sp. at 3 time intervals (13, 18 and 30 d of culture). In these spectra, there is evidence that the mass spectra change with diatom age, which in turn indicates the existence of different compounds over time. The evaluated compounds are within a mass range from 2 to 20 KDa and probably are not ribosomal proteins, since these should not vary so significantly with age. But it is of utmost importance to recognize that these spectra, although varying with time, were reproducible as long as the minimum age limit was respected: at least 2 culture flasks were used to generate 8 MALDI-TOF MS spectra for each of the studied species, where at least 1 flask generated 4 MALDI-TOF MS spectra.
Using the reproducible spectral data of the second set of experiments, a cluster analysis of the MALDI-TOF MS mass spectral data was performed. This statistical analysis based on mass spectral signatures allowed the grouping of all isolates into clusters according to their species designation. The dendrogram presented in Fig. 3 shows that the MALDI-TOF MS is able to separate the different genera of diatoms analysed.
The first clade of the dendogram, at a threshold of about 30% similarity, is between the pair including the freshwater Cyclotella meneghiniana and the marine Thalassiosira sp. (both centric) and the pair including the pennate Seminavis robusta and the centric Coscinodiscus sp. (both marine ni ana and Thalassiosira sp. belong to the order Thalas si osirales, so a close relation between their spectra was ex pected. This was confirmed, and the two diatom species were only distinct at a threshold of about 44%. Additionally, the pair S. robusta/Cos cinodiscus sp. could be identified at a similarity threshold of 38%.
Seminavis robusta corresponds to the group of samples that has the lowest similarity among them when compared to the other diatoms (Coscinodiscus sp., Thalassiosira sp. and Cyclotella meneghiniana), which is in accordance with the fact that Seminavis robusta samples come from cultures of different strains and, even when belonging to the same strain, belong to different mating types. On the other hand, S. robusta strains 84A, 85A, 85As and 85Bs grouped together without a clear spectral differentiation for each strain or mating type. The analysed S. robusta cultures belonged to different mating types; S. robusta 84A and 85Bs belonged to mating type 1, and S. robusta 85As and 85A belonged to mating type 2 (Chepurnov et al. 2008 ).
CONCLUSIONS
When the culturing age is known, MALDI-TOF MS appears to be a powerful high-throughput mass spectra method to discriminate diatom genera. The MALDI-TOF MS equipment is straightforward to operate and cost-effective on an individual sample basis. On the other hand, all studied diatoms presented a specific age when the mass spectra became reproducible. The culturing age limit for diatom identification by MALDI-TOF MS was 9 d old for Seminavis robusta and Cyclotella meneghiniana and 13 d old for Thalassiosia sp. and Coscinodiscus sp. However, reproducibility was not accompanied by the compound's identity over time. Impacts can be significant if the MALDI-TOF MS technique is used to identify specific diatoms, as spectra of different culturing ages are not comparable even if the age limit when they are reproducible is surpassed. Below that age limit, they are not reproducible, so different spectra are expected from different cultures or assemblages even with similar age and growth conditions. Furthermore, the distinctive molecular mark- Fig. 3 . MALDI-TOF MS spectra-based dendrogram of the diatoms studied in this work using cultures older than 9 d for Seminavis robusta strains and Cyclotella meneghiniana, and 13 d for Thalassiosia sp. and Coscinodiscus sp.
ers are located in a region encompassing compounds of a molecular weight between 2000 and 6000. They come up at a defined moment of the physiological state, meaning they are not structural compounds. Regardless, as they are substantially different in each strain, they might be useful as molecular fingerprints.
Further studies involving their characterisation will help to associate these molecules with specific physiological states.
The present results are fundamental to development of a comprehensive protocol on the use of the MALDI-TOF MS technique to differentiate or identify diatoms. Many challenges have now arisen from the present work, including the possibility of using the MALDI-TOF MS technique to discriminate diatoms to the species level, to identify which types of compounds are being reflected in the present spectra and to determine how they vary with culturing age.
